Recently, phosphorene electronic and optoelectronic prototype devices have been fabricated with various metal electrodes. We systematically explore for the first time the contact properties of monolayer (ML) phosphorene with a series of commonly used metals (Al, Ag. Cu, Au, Cr, Ni, Ti, and Pd) via both ab initio electronic structure calculations and more reliable quantum transport simulations. Strong interactions are found between all the checked metals, with the energy band structure of ML phosphorene destroyed. In terms of the quantum transport simulations, ML phosphorene forms a n-type Schottky contact with Au, Cu, Cr, Al, and Ag electrodes, with electron Schottky barrier heights (SBHs) of 0.30, 0.34, 0.37, 0.51, and 0.52 eV, respectively, and p-type Schottky contact with Ti, Ni, and Pd electrodes, with hole SBHs of 0.30, 0.26, and 0.16 eV, respectively. These results are in good agreement with available experimental data. Our findings not only provide an insight into the ML phosphorene-metal interfaces but also help in ML phosphorene based device design.
, and the relatively low mobility (200 cm V -1 s -1 ) of TMDCs (with a band gap of 1-2 eV) is difficult to meet the future request of high frequency applications. Phosphorene, the youngest member of 2D materials, 9,10 has a finite band gap from 0.3 (in bulk) to 1.0 (monolayer) eV 11 and is mechanically exfoliated in the early of 2014 12, 13, 14, 15 . Monolayer (ML) and few-layer (FL) phosphorene field effect transistors (FET) have been successfully fabricated with on-off ratio of 10 5 and a mobility up to 1000 cm V -1 s -1 , which make phosphorene a competitive candidate channel material for future electronic applications. FL phosphorene photo-detector has been realized by Engel et al. , which is capable of acquiring high-contrast (visibility V > 0.9) images both in the visible as well as in the infrared spectral regime. 16 FL phosphorene phototransistor was also firstly demonstrated with a rise time of about 1 ms and responsivity of 4.8 mA/W. 17 Phosphorene p-n diode has been proposed based on p-type phosphorene and n-type MoS2 or graphene van der Waals heterojunction. 18, 19, 20 Therefore, phosphorene is anticipated a promising material in photoelectronic devices. 21, 22 In an actual device, a contact with metal is usually required in order to inject appropriate types carrier into the conduction or valence band of semiconducting 2D materials, and the formation of low-resistance metal contacts is the biggest challenge that masks the intrinsic exceptional electronic properties of semiconducting 2D materials 23 . In the absence of controllable and sustainable substitutional doping scheme in 2D materials, a contact with metal also controls the carrier type of semiconducting 2D materials. In such metal semiconductor contact, Schottky barrier is often formed, which decreases electron or hole injection efficiency.
In order to obtain a high performance of a device, one can select a metal electrode with a small Schottky barrier height (SBH) at the metal-semiconductor interface. Unfortunately, the SBH is not simply determined by the difference between the work function of a metal and the conduction band minimum (CBM) or the valence band maximum (VBM) of semiconducting 2D materials due the complex Fermi level pinning. 24 In experiment, the SBHs of ML phosphorene FET with Ni electrode is measured to be 0. They only considered the Schottky barrier in the vertical interfaces, ignoring that in the lateral interface, and it is proved that such a single interface model fails to reproduce the observed SBHs in ML MoS2 transistors and a dual interface model is required. In the dual interface model of a 2D material transistor ( Fig. 6(a) ), one interface is the source/drain interface (B) between the contacted 2D material and the metal surface in the vertical direction, and the other is source/drain-channel (D) interface between the contacted 2D material and channel material in the lateral direction as shown in Fig. 6(b) . 23,27 (3) The interfaces between the commonly used metals Ni, Cr, Ag, and Al and ML phosphorene has not been examined. (4) Most of the contact properties except for Cu and Zn are derived from the energy band analysis, which, however, ignore the interactions of metal electrodes and channel ML phosphorene and probably leads to artificial Ohmic contact. 27 To correct such a critical deficiency, ab initio quantum transport simulation is required.
In this Letter, we systematically explore the interfacial properties between ML phosphorene and the common metals (Al, Ag, Au, Cu, Ti, Cr, Ni, and Pd) based on ab initio electronic structure calculations and quantum transport simulations for the first time. According to the bonding level and the hybridization degree of ML phosphorene energy band structure, two classes are revealed: weak chemical bonding is formed for ML phosphorene on Al, Ag, Cu, and We consider eight metals Al, Ag, Au, Cu, Ni, Ti, Pd, and Cr, which cover a wide range of workfunction. We choose six layers of metal atoms to simulate the metal surfaces and construct a supercell with ML phosphorene absorbed on one side of the metal surfaces, as shown in Fig.   1c . We fix the lattice constants of metal surface and change the optimized lattice constant of ML phosphorene a = 3.30 Å and b = 4.63 Å (the lattice constant are indicated in Figure 1 ) to adjust to them. The Table 1 . A vacuum buffer space of at least 12 Å is set. ML phosphorene mainly interacts with the top layer metal atoms, so the bottom three layers of metal atoms and the cell shape are fixed.
The geometry optimizations and electronic structure calculations are performed with the projector-augmented wave (PAW) pseudopotential 28 and plane-wave basis set with a cut-off energy of 400 eV, implemented in the Vienna ab initio simulation package (VASP) code.
29
, 30 The maximum residual force during geometry optimization is less than 0.01 eV/Å and energies are converged to within 1 × 10 -5 eV per atom. The Monkhorst-Pack k-point mesh is sampled with a separation of about 0.02 Å -1 in the Brillouin zone during the relaxation and electronic calculation periods. 31 Van der Waals interaction is taken into account, with the vdW-DF level of optB88 exchange functional (optB88-vdW). 32 Since the slab is not symmetric, a dipole correction is used to eliminate the spurious interaction between the dipole moments of periodic images in the z direction. The total electron density are calculated by using ultrasoft pseudopotential plane-wave method implemented in CASTEP code, with a plane-wave cut-off energy of 280 eV. 33 Transmission spectra and local device density of state (LDDOS) are calculated by using DFT coupled with nonequilibrium Green's function (NEGF) method, which are implemented 5 in Atomistix Tool Kit (ATK) 11.2 package. 34,35 ,36 Single- plus polarization (SZP) basis set is employed, the real-space mesh cutoff is at least of 400 eV, and the temperature is set at 300 K.
The electronic structures of electrodes and central region are calculated with a MonkhorstPack 31 50 × 1 × 50 and 50 × 1 × 1 k-point grid, respectively. GGA of PBE form 37 to the exchange-correlation functional is used.
The most stable configurations of ML phosphorene-metal systems after relaxation are depicted in Figure 2 . We have optimized two different initial configurations of ML phosphorene-Al systems, and obtained the same stable configuration with the two adjacent phosphorus atoms of a layer almost on the two adjacent Al atoms of A layer from the side view as shown in Figure 1c . The most configurations of ML phosphorene on Ag, Au, and Cu electrodes are similar with ML phosphorene-Al systems, which is in line with previous work. 25 For ML phosphorene on Al, Ag, Au, and Cu electrodes, the configuration of ML phosphorene is preserved, while it is destroyed seriously for ML phosphorene on Cr, Ni, Ti, and Pd electrodes, so the initial configurations of ML phosphorene on Cr, Ni, Ti, and Pd interface have little effect on relaxed configuration.
The primary parameters of ML phosphorene-metal contacts are listed in Table 1 . The binding energy Eb of the ML phosphorene-metal contact is defined as
where EP, EM, and EP-M are the relaxed energy for pristine ML phosphorene, the clean metal surface, and the combined system, respectively, and N is the number of interfacial a layer phosphorus atoms in a supercell as shown in Figure 1 . The equilibrium interlayer distance dP-M is defined as the average distance from the innermost layer of metal to the innermost ML phosphorene surface in the vertical direction of the interface as shown in Figure 1c . The minimum interatomic distance dmin is defined as the minimum atomic distance from the innermost layer atom of metal to ML phosphorene surface atom. According to the bonding level, two categories of ML phosphorene-metal interfaces are revealed after relaxation. Weak bonding is formed for ML phosphorene-Al, Ag, Au, and Cu interfaces with smaller binding energy of 0.41 < Eb < 0.59 eV, and larger interlayer distance of 2.35 < dP-M < 2.57 Å and 2.30 < dmin < 2.46 Å, while strong bonding is formed for ML phosphorene-Cr, Ni, Pd, and Ti interfaces with lager binding energy of 0.85 < Eb < 1.62 eV, and smaller distance of 1.60 < dP-6 M < 2.19 Å,and 2.07 < dmin < 2.32 Å. Compared with the elemental single-layer plane carbon material, such as graphene and graphdiyne, the nonplanar single-layer phosphorus material, ML phosphorene is more active. Therefore, the interactions between ML and metals are stronger than those between graphene/graphdiyne and metals with ten times larger binding energy and smaller interfacial distance, which are consistent with that fact the adsorption energies of adatoms on ML phosphorene are more than twice larger than on graphene. 24, 38, 39, 40 As shown in Figure 3 , the band structures of ML phosphorene are destroyed on all the metal electrodes, suggestive of a covalent or chemical bonding between ML phosphorene and these metals. The band hybridization of ML phosphorene on Ti, Ni, Cr, and Pd electrodes is more intense than that on Al, Ag, Cu, and Au electrodes, a fact in line with their bonding level. By contrast, the band structures of ML graphene and graphdiyne absorbed on Ag, Al, Au, and Cu substrates not destroyed. This difference once more indicates that the interactions of ML phosphorene on metal surfaces are fiercer than those of graphene and graphdiyne on metal surfaces. 24, 38, 39 The total electron distribution of ML phosphorene-metal adsorbed systems can reveal the interaction at the ML phosphorene-metal interface. We calculated the electron density in the real space of ML phosphorene-Ag, Au, Pd, and Ni adsorbed systems, and cut a slice with the most interfacial atoms shown in Figure 4 . There is apparent electron accumulation in the ML phosphorene-Ag, Au, Ni, and Pd interfaces, indicating the formation of a covalent bond between them once more. The electron accumulation at ML phosphorene-Ni and Pd interfaces is more apparent than that at ML phosphorene-Ag and Au interfaces, as are in line with their bonding and hybridization levels.
The schematic diagram of a ML phosphorene FET is shown in Figure 6 
where   GE is the retarded Green Function, The available experimental results shows that phosphorene FET with Ti electrode forms p-type Schottky FET, and few layer phosphorene with Ti electrode have a hole SBH of 0.21 eV. 13 This result is in favor of the quantum transport simulations. 15 The smaller hole SBH obtained in experiment than obtained in the transport simulation is ascribed to a difference in layer number.
Few layer phosphorene has a smaller band gap than ML phosphorene and generally has a smaller hole SBH. By contrast, ML phosphorene FET with Cr, Au, and Cu electrodes change In all the ML phosphorene-metal systems, no SBH is formed in the interface B.
In summary, we have investigated the interfacial bonding level and contact barriers in ML phosphorene and commonly used metal electrodes Al, Ag, Cu, Au, Cr, Ni, Ti, and Pd interfaces by using ab initio electronic structure calculations and quantum transport simulations. Unlike graphene 38, 39 , graphdiyne 24 , and TMDs 27 strongly interacted with the partial checked metals, 
